Summary
This paper describes a retrospective evaluation of the course of renal bone disease in 14 children undergoing treatment with continuous ambulatory peritoneal dialysis (CAPD) for an average of 11.9 ± 1.5 months (mean ± SE). The patients were divided in two groups according to the changes in serum alkaline phosphatase activity during the period of observation: five patients had alkaline phosphatase activity that decreased or was relatively stable (group I), and nine patients exhibited a rising serum alkaline phosphatase activity (group II). Serial radiological examinations showed adequate control of renal osteodystrophy in the patients of group I, whereas the patients of group II had no improvement or worsening of their bone disease. Group I had higher serum calcium and lower parathyroid hormone levels than group II at the end of period of observation despite similar dosage of vitamin D metabolite. The progression of bone disease "was not related to the duration of CAPD or type of previous treatment for end stage renal disease.
The observation that the radiological manifestations of secondary hyperparathyroidism were prevented in patients whose serum calcium levels were frequently above 2.62 mmol/liter (group I) while serum calcium levels between 2.25 and 2.50 mmol/liter in group II patients failed to lead to regression of secondary hyperparathyroidism is consistent with the existence of altered "setpoint" regulation of the parathyroid gland in children undergoing CAPD.
Abbreviations CAPD, continuous ambulatory peritoneal dialysis ESRD, end stage renal disease iPTH, immunoreactive parathyroid hormone 25-0HD, 25-hydroxyvitamin D . DHT, dihydrotachysterol CAPD has recently been introduced for the treatment of children with ESRD (2, 3) . Presently, increasing numbers of children are undergoing treatment with this procedure because of certain advantages over hemodialysis or intermittent peritoneal dialysis; these advantages include better subjective acceptance by both the patients and their parents, decreased need for dietary and fluid restriction , and improved control of hypertension (2, 3, 14, 17, 19, 26, 27) . The long-term effects ofCAPD on the course of renal bone disease in children with ESRD are unknown. This report describes a retrospect ive evaluation of the course of renal osteodystrophy in 14 pediatric patients treated with CAPD for an average of 11.9 ± 1.5 months (SE).
MATERIALS AND METHODS
Fourteen patients, eight males and six females, who were treated with CAPD for 6-21 months were evaluated (Table I) . Five patients had been treated with CAPD following rejection of a kidney transplant; these patients were previously treated with hemodialysis and/or intermittent peritoneal dialysis for I to 21 months. One patient received prior treatment with intermittent peritoneal dialysis only. CAPD was the initial treatment modality for ESRD in eight patients (Table I) . Three patients had undergone parathyroidectomy 4, 2, and 3 years before the initiation of CAPD (patients 2, 8, and 9, respectively).
All patients were dialyzed through an indwelling Tenckhoff catheter, according to the method modified from Oreopoulos (24, 26) . Each patient received 4-5 exchanges/day, 0.5 to 2 liters/ exchange for 7 days/week. The dialysate solution (Dianeal, Travenol Laboratories) contained sodium (132 meq/liter), calcium (3.5 meq/liter), magnesium (1.5 meq/liter), chloride (102 meq/ liter), lactate (35 meq/liter), and was available with three different glucose concentrations: 1.5,2.5, and 4.25%. The patients or their parents were instructed to use a solution with the glucose concentrations adjusted to the patient's need for the ultrafiltration, i.e. state of hydration, weight, and blood pressure.
Upon initiation of the CAPD treatment program, all patients received treatment with small doses of either calcitriol or dihydrotachysterol. Eleven patients received calcitriol (Rocaltrol, Hoffmann LaRoche) at a dosage of 0.25-0.5 p.g/day (5-36 ng/ kg/day), and three patients received dihydrotachysterol at a daily dose of 0.125-0.250 mg/day (4-23 p.gjkg/day). The dosage was adjusted to maintain the serum calcium level between 2.25 and 2.62 mmol/liter, Each patient received a preparation of aluminum hydroxide to bind intestinal phosphate. The dosage was varied and was frequently adjusted during the course of CAPD to maintain a serum phosphorus level below 1.77 mmol/liter. Dietary energy, protein , and calcium intake were evaluated once monthly at each clinic visit throughout the treatment period. Intake was quantitated using 3-day dietetic diaries and a dietetic interview by the same pediatric renal dietitian with a 3-day weighed technique. The patients were seen at monthly intervals and routine serum biochemical analyses including creatinine, urea nitrogen , electrolytes, calcium , phosphorus, and alkaline phosphatase activity were measured using standard clinical laboratory techniques. The normal range of alkaline phosphatase activity in children Evolution of the serum alkaline phosphatase activity during CAPD. The patients were separated into two groups; group I (---) serumalkaline phosphatase activit y not raised and groupII (--) serum alkaline phosphatase activity raised during the periodof observation. *, patients requiring parathyroidectomy prior to CAPD(see " Material s and Methods").
Creatinine (mgfdl) 8 Total protein(g/dl) 6 .0 ± 0.1 5.0-6.6
RESULTS
The data in Table 2 show the total mean values and ranges for serum creatinine, urea nitrogen , carbon dioxide content, and total protein levels in the 14 patients during the period ofCAPD. No patient had significant metabolic acidosis, and there were no differences between group I and group II. The mean daily dialysate glucose concentration during the period of observation was 2.25 ± 0.53 g/dl in group I and 1.90 ± 0.16 g/dl in group II. The mean energy intake was 68 ± 6.0 kcal/kg/day corresponding to 79 ± 3.7% of the recommended daily allowances adjusted according to height/age and sex. Mean protein intake was 2.4 ± 0.2 g/kg/day, representing 94 ± 6.7% of that prescribed (28) . Table 3 shows the initial and final serum calcium levels, the overall mean of serum calcium and phosphorus levels, the initial and final alkaline phosphatase activities, the final serum 25-OHD levels, the initial and final radiological scores, the average dosage of calcitriol or DHT, and the mean dietary calcium and aluminum hydroxide intake for each individual patient. The mean serum calcium levels were not different between groups I and II at the initiation ofCAPD. By contrast, the serum calcium levels were significantly higher in group I at the end of the study. The mean serum phosphorus levels were not different in the two groups. Also, the serum alkaline phosphatase activity was not different in the two groups at the onset ofCAPD, but the patients in group II had significantly higher levels at the end of the observation period. At the initiation of the study , the values of alkaline phosphatase activity in two of five patients in group I and in seven of nine in group II were within the 95th percentile * Refers to duration of treatment for ESRD prior to CAPD: HD, hemodialysis; IP, intermittentperitoneal dialysis; TP, transplant.
according to age and sex was obtained from the data of Cherian and Hill (10) . At the end of the observation period , iPTH and 25-0HD levels were evaluated. Serum iPTH was determined by radioimmunoassay, according to methods reported elsewhere and using an antiserum which reacts to the midportion of Cterminal fragment (antibody chicken 9) (22) . The serum 25-OHD levels were measured by the direct UV absorbance after high pressure liquid chromatography (21) . Control values have been previously published (15) .
Radiological examination of the left hand and wrist and an anterior-posterior view of both knees were obta ined at 6-month intervals using a standardized radiological technique. On completion of the observation period , the radiographs were analyzed by three independent reviewers and were evaluated according to the presence of radiological signs of both growth zone lesions and erosions of secondary hyperparathyroidism. The following scoring system was used: 0, normal; 1, signs barely visible; 2, moderate; and 3, severe alterations. The presence of an abnormal trabecular pattern was given the score of 1. The sums of the scores of the three reviewers were averaged. Radiographs with the most severe osteodystrophy would be rated 7 (growth zone lesion 3, subperiosteal erosions 3, and abnormal trabecular pattern I) while normal radiographs would receive a score of O.
The effiuent spent dialysate was collected over the 48-h period preceding a clinic visit and refrigerated. The total outflow volume was measured, and calcium, magnesium, and phosphorus concentrations were determined in the outflow fluid as well as in samples from the same lot of unused dialysate. Net peritoneal mass transfer of solutes was calculated for each 24 hour period as follows: mass transfer = (inflow dialysate concentration X inflow volume) -(outflow dialysate concentration x volume drained). The mass transfer characteristics were determined on 39 occasions in 12 patients.
Grouping ofPatients and StatisticalAnalysis. On the basis of clinical assessment and biochemical data, it < was apparent that there was variability in the course of renal osteodystrophy in these patients. Moreover, the radiographic features appeared to parallel the changes in the serum alkaline phosphatase activity. Therefore, the patients were divided into two groups: five patients with falling or relatively stable alkaline phosphatase activity (change < 30%) were assigned to group I; nine patients who exhibited a rising serum alkaline phosphatase activity (change> 30%) were assigned to group II (Fig. 1) . In Tables 1 and 3 , patients in group I are cases 1-5 and those in group II are cases 6-14. Means between the groups were compared using Student's unpaired t test. Values are reported as mean ± SE. • Represents mean values for serum P over period of CAPD.
t Difference between group I and group II, P < 0.0 I. :I: Difference between group I and group II, P <0.05. Fig. 3 . Relationship between serum iPTH and calcium levels measured at the same time at the end of the period of observation. Patients in group I had higher serum calcium and lower iPTH levels than the patients in group II.
•, patients requiring parathyroidectomy prior to CAPD.
of normal for age and sex (10) ,while at the end of the observation period, the levels were abnormal in all nine patients of group II, while the values in all five patients of group I were normal (Fig.  2) . The serum 25-0HD levels were within normal limits (IS) at evaluation and did not differ between groups I and II (Table 3) .
Serum iPTH levels, measured at the end of the study were 75 ± 22 J.ll eq/rnl in group I and 208 ± 35 J.ll eq/ml in group II (P < 0.02); moreover, the serum calcium levels, measured at the time of iPTH measurement were 2.77 ± 0.07 and 2.33 ± 0.08 mmoljliter (P < 0.01), respectively. The relationship between the serum iPTH and calcium levels is shown in Figure 3 .
The radiological score of bone disease improved in three and did not change in two patients of group I, whereas in group II, three patients showed radiographic signs of worsening bone disease, five patients demonstrated no significant change, and only one patient exhibited definitive evidence of improvement.
Moreover, the mean radiological scores were high, i.e.4 or greater in three ofthe four patients in group II who exhibited no change, and the overall mean final score was greater in group II than in group I (P < 0.05). There was no difference between the score of the groups at the onset of CAPO. The dosage of calcitriol or DHT varied greatly between individual patients, but there was no difference in dosage between the two groups, or in the amount 2.75
In this study, the pediatric patients treated with CAPO and receiving calcitriol or DHT exhibited one of two relatively divergent courses: some patients showed either stabilization or lack of progression of renal osteodystrophy, and others showed evidence of progression or worsening of secondary hyperparathyroidism.
The evolution of bone disease in these patients was not related to the duration or type of previous treatment for ESRD. It could be argued that patients in group II had undergone treatment with CAPO for a longer period of time than those in group I; however, the data in Figure I indicate that the serum alkaline phosphatase levels became divergent in the two groups even during the early period of treatment with CAPO. Also, the fraction of patients in the two groups with long-standing renal insufficiency before reaching end stage (i.e. those with dysplastic kidneys and polycystic kidneys) were similar in the two groups.
The adequate control of the radiological manifestations of secondary hyperparathyroidism in group I was associated with increments in the serum calcium level into the upper normal of aluminum hydroxide ingested by both groups. Calcium intake varied greatly between patients but the mean values were not different in the two groups.
The relationship between the serum iPTH levels and alkaline phosphatase activity obtained simultaneously at the end of the period of observation is shown in Figure 4 . There was a significant correlation between the two parameters when the alkaline phosphatase activity was expressed either in absolute terms (r = 0.63) or as a percentage of the age-and sex-adjusted upper normal limit (r = 0.67). Since the groupings were made on the basis of change in serum alkaline phosphatase, mean alkaline phosphatase was stable (change from initial, I -28 ± 18%) in group I, whereas the alkaline phosphatase activity increased by 188 ± 49% in group II.
Peritoneal Mass Transfer of Water, Calcium, and Phosphorus.
The volume of dialysate outflow exceeded the inflow volume by IS ± 2%. The total mean value for net mass transfer of calcium from the patient into the dialysate was -8.5 ± 7.63 mg/24 h, with a range of -100 to +96 mg/24 h. The net transfer of calcium was directly correlated with net fluid loss: r = 0.51, P < 0.00 I. Net phosphorus mass transfer from the patient into dialysate was -145.8 ± 9.4 mg/24 h, with a range of -267 to -56.4 mg/24 h. Net phosphate transfer showed no correlation with net fluid loss: r = 0.0 I (not significant). The mean rates of transfer of calcium and phosphorus did not differ between the two groups. range or above normal values. Conversely, serum calcium levels increased significantly in only two patients in group II, and the serum calcium level was greater than 2.50 mmol/liter in only three patients in this group at the end of the study period. Whether serum iPTH could be suppressed in group II if the serum calcium level was increased to the same values as those achieved in group I is not established by the present observations. Thus, it is possible that the serum calcium level may need to reach values above normal to achieve parathyroid suppression in uremic children. Such a phenomenon is consistent with the in vitro observation that there may be alterations in the calciumregulated inhibition of PTH release by the parathyroid cells obtained from uremic patients with secondary hyperparathyroidism (8) . It has been shown that the "set point," or the calcium concentration at which iPTH secretion is inhibited by parathyroid cells,is usually higher than the level of suppression in normal parathyroid cells (7).
CAPD may have other effects on mineral metabolism which are different from those associated with hemodialysis. Delmez et al. (12) demonstrated that finite amounts of parathyroid hormone were present in the effiuent dialysate of CAPD patients. It is not likely, however, that the amount is of major importance, since the serum iPTH did not fall markedly in most of their patients. During CAPD, various plasma proteins are lost into the dialysate (2) (3) (4) 17) . This circumstance can lead to losses of the vitamin D-binding protein and 25-hydroxyvitamin D (12, 18) . In patients undergoing CAPD, the serum level of 25-0HD J has been reported to be low or normal (I , 12, 18, 23, 29) . In this study, the serum 25-0HD levels were normal; this largely excludes the possibility that relative vitamin D deficiency may have contributed to the difference between groups I and II. In the present study, the average net transfer of calcium into the dialysate did not differ from zero, although there was wide variation in individual patients. The presence of a significant net loss of calcium was dependent upon the magnitude of net peritoneal transfer of fluid from the patient during CAPD. In adult patients, the mean peritoneal calcium transfer during CAPD has been reported to be negative, neutral, or positive (5, 9, 12, 23, 25) , and the net transfer of calcium into the patients from dialysate was inversely related both to the serum calcium level and to the magnitude of net ultrafiltration (5).
Delmez et al. (12) reported greater negative calcium mass transfer when using the 4.25% in dialysate. The mean daily glucose concentration utilized in the dialysate was not different between the groups in the present study, making it unlikely that differences in ultrafiltration could account for the lower serum calcium in group II.
The dietary calcium intake varied from 450 to 1000 rug/day in our patients. Since impaired calcium absorption exists in patients with renal failure, it is possible that this quantity is suboptimal. In adult patients undergoing CAPD, it has been suggested that oral supplements of calcium carbonate may have a beneficial effect on mineral metabolism and bone disease (13, 25, 29) . However, the concomitant administration of calcitriol and oral calcium supplements may increase the risk of hypercalcemia, and the use of the two together should be prescribed with caution.
In adults and children undergoing CAPD, serum phosphate concentrations have been reported to be easier to control than is the case during hemodialysis (3, 16, 19) .However, large amounts of aluminum hydroxide were necessary to maintain the serum phosphorus at or near the nonnallevels in the present group of patients. Accomplishing this was particularly difficult in the smaller children who did not easily accept the large amounts of phosphate binders. Calcitriol can increase intestinal absorption of phosphorus (6) , and its use may be a factor contributing to hyperphosphatemia in these children. Chesney et al. (11) noted than an increase in the dosage of phosphate-binding agents was needed to maintain normal serum phosphorus levels in children with chronic renal failure treated with calcitriol. In the present study, the dose of phosphate-binding agents was similar in both groups.
The results of this retrospective study in children undergoing CAPD indicates that renal osteodystrophy may be potentially curable and/or preventable in children undergoing CAPD. They are comparable to those recently published by Hewitt et al. (20) .
It is possible that adjustment in the dosage of vitamin D sterols to maintain the serum calcium levels at the upper limits of normal while monitoring the serum alkaline phosphatase activity serially might result in improvement in a greater fraction of patients; indeed, a prospective trial to test this hypothesis is underway. Since normalization of the serum alkaline phosphatase activity is closely correlated with reduction in both serum iPTH levels and radiological evidence of bone disease, serial measurements of serum calcium levels and alkaline phosphatase activities may be used as parameters for the adjustment in the dosage of the calcium and vitamin D sterols prescribed.
